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LiCoP04/C  nanocomposites  could  be  successfully  prepared  by  a  combination  of  spray  pyrolysis  and 
wet  ball-milling  followed  by  heat  treatment.  X-ray  diffraction  analysis  confirmed  that  the  LiCoP04/C 
nanocomposites  were  well  crystallized  in  an  orthorhombic  structure  with  Pmna  space  group.  Scanning 
electron  microscopy  and  transmission  electron  microscopy  with  equipped  energy  dispersive  spec¬ 
troscopy  verified  that  the  LiCoP04 /C  nanocomposites  were  the  agglomerates  of  LiCoP04  primary  particles 
with  a  geometric  mean  diameter  of  87  nm,  and  the  carbon  was  well  distributed  on  the  surface  of  the 
agglomerates.  The  LiCoP04/C  nanocomposites  were  used  as  cathode  active  materials  for  lithium  batter¬ 
ies,  and  the  electrochemical  tests  were  carried  out  for  the  cell  Li|l  M  LiPF6  in  EC:DMC=  1 : 1  |LiCoP04/C 
at  various  charge-discharge  rates.  The  cells  delivered  first  discharge  capacities  of  142  and  109mAhg_1 
at  0.05  and  20  C,  respectively.  Furthermore,  the  discharge  capacity  after  40  cycles  corresponded  to  87% 
of  initial  one  at  0.1  C  rate.  The  excellent  rate  capability  of  the  cells  is  mainly  due  to  the  well  distributed 
carbon  on  the  LiCoP04  agglomerates,  and  a  much  smaller  lithium  ion  diffusion  distance  in  the  electrode. 
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1.  Introduction 

The  successful  development  of  LiFeP04  as  a  cathode  active 
material  of  lithium-ion  batteries  has  promoted  strong  interest  on 
other  transition  metal  phosphates  such  as  LiMnP04  and  LiCoP04. 
Although  LiFeP04  is  low  cost,  stable  and  has  excellent  rate  capabil¬ 
ity,  its  working  voltage  is  restricted  to  approximately  3.5  V  versus 
Li+/Li  [1].  In  comparison  with  LiFeP04,  LiCoP04  presents  much 
higher  redox  potential  at  approximately  4.8  V  versus  Li+/Li  [2], 
and  has  the  theoretical  capacity  of  167mAhg_1.  Thus,  the  theo¬ 
retical  energy  density  is  1.35  times  larger  than  that  of  LiFeP04. 
Its  electronic  conductivity  is  less  than  10~9Scm-1  [3],  which  is 
almost  similar  to  that  of  LiFeP04  and  about  five  orders  of  mag¬ 
nitude  higher  than  the  one  of  LiMnP04  [4,5].  Moreover,  structure 
volume  change  between  pristine  and  delithiated  phases  is  about 
2%  [6,7],  which  is  much  lower  than  those  of  LiFeP04/FeP04  (7%)  [8] 
and  LiMnP04/MnP04  (9%)  [9].  This  fact  may  indicate  the  structure 
stability  of  LiCoP04  during  charge/discharge  process,  thus  enhance 
the  cycleability  and  safety  issue  of  the  compound  [2].  Due  to  those 
advantages,  LiCoP04  could  be  considered  as  a  candidate  for  future 
high  voltage  cathode  materials  of  lithium-ion  batteries. 
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Flowever,  the  practical  application  of  LiCoP04  is  still  under 
consideration  due  to  two  main  reasons:  the  poor  electronic  con¬ 
ductivity  and  the  poor  compatibility  with  presently  used  liquid 
electrolyte  [10,11].  In  fact,  the  poor  electronic  conductivity  is 
a  common  problem  of  lithium  transitional  metal  phosphates 
[12,13].  For  LiFeP04,  this  weakness  has  been  overcome  through 
conductive  layer  coating  such  as  carbon  [14,15].  However,  it 
was  reported  that  carbon  is  difficult  to  be  coated  on  the  sur¬ 
face  of  LiCoP04  particles  [16].  It  is  suggested  that  the  contact 
between  LiCoP04  and  carbon  phases  is  not  as  good  as  the  case  of 
LiFeP04. 

The  preparation  of  LiCoP04  cathode  material  has  been  done 
by  means  of  the  solid-state  reaction  [6,7,13,16-28],  hydrother¬ 
mal  synthesis  [12,29],  sol-gel  method  [16,30-32],  co-precipitation 
[33],  optical  floating  zone  method  [34],  radio  frequency  magnetron 
sputtering  [35],  electrostatic  spray  deposition  technique  [36]  and 
microwave  heating  method  [10].  In  addition,  some  approaches 
have  been  applied  in  order  to  improve  the  electronic  conductiv¬ 
ity  of  the  cathode  such  as  carbon  coating  [16],  making  composite 
with  carbon  [6,7,10,13,20,23,24,37]  or  divalent  cation  doping  on 
Li+  or  Co2+  site  [3,24,28].  However,  only  few  good  rate  capability 
results  have  been  reported  so  far  [10]. 

In  our  previous  work  [37],  the  preparation  of  LiMnP04/C 
nanocomposites  was  carried  out  using  a  combination  of  spray 
pyrolysis  (SP)  and  wet  ball-milling  (WBM)  followed  by  heat  treat¬ 
ment.  It  could  be  clarified  that  the  LiMnP04/C  nanocomposites 
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have  the  excellent  electrochemical  performance  due  to  the  large 
specific  surface  area,  the  small  primary  particle  size  and  a  well 
distribution  of  carbon  in  the  composites.  In  this  study,  the  com¬ 
bination  of  SP  and  WBM  followed  by  heat  treatment  was  applied  to 
the  synthesis  of  LiCoP04/C  nanocomposites,  and  the  physical  and 
electrochemical  properties  of  the  LiCoP04/C  nanocomposites  were 
investigated. 

2.  Experimental 

2.2.  Precursor  solution 

The  precursor  solution  was  prepared  by  dissolving  the 
required  amounts  of  LiN03  (98%  purity),  H3P04  (85%  purity)  and 
Co(N03)2-6H20  (98%  purity)  in  distilled  water  in  a  stoichiomet¬ 
ric  ratio.  The  concentrations  of  Li+,  Co2+  and  P043-  were  all 
0.2  mol  dm-3.  All  chemicals  were  purchased  from  Wako  Pure 
Chemical  Industries  Ltd.,  Japan. 

2.2.  Experimental  setup  and  procedure 

A  schematic  diagram  and  the  processing  procedure  of  SP  setup 
were  described  in  our  previous  paper  [38].  SP  temperature  was 
300  °C.  As-prepared  powders  were  then  milled  with  acetylene  black 
by  WBM.  Zirconia  balls  and  a  zirconia  vial  were  used  in  WBM  pro¬ 
cess.  Rotating  speed  and  ball-milling  time  were  800  rpm  and  6h, 
respectively.  Finally,  annealing  was  conducted  at  500  °C  for  4  h  in  a 
N2  +3%  H2  atmosphere. 

In  order  to  evaluate  the  carbon  composite  effect  on  the  physi¬ 
cal  and  electrochemical  properties  of  LiCoP04/C  nanocomposites, 
LiCoP04  was  prepared  by  SP  at  300  °C  followed  by  heat  treatment 
at  500  °C  for  4  h  in  a  N2  +  3%  H2  atmosphere. 

2.3.  Sample  characterization 

The  crystalline  phases  of  the  samples  were  studied  by  X-ray 
diffraction  (XRD,  Rigaku,  Ultima  IV  with  D/teX  Ultra)  analy¬ 
sis  equipped  with  Cu-Ka  radiation.  The  lattice  parameters  of 
the  materials  were  refined  by  Rietveld  analysis  using  an  inte¬ 
grated  X-ray  powder  diffraction  software  package  PDXL  (Rigaku, 
Version  1. 3.0.0).  The  particle  surface  morphology  was  exam¬ 
ined  by  field  emission  scanning  electron  microscopy  (FE-SEM, 
Hitachi,  S4500)  operated  at  81<V.  The  interior  structure  of  the 
LiCoP04/C  nanocomposite  particles  was  observed  by  using  trans¬ 
mission  electron  microscopy  (TEM,  JEOL  Ltd.,  JEM-201  OF)  equipped 
with  energy  dispersive  spectroscopy  (EDS)  analysis.  The  spe¬ 
cific  surface  area  was  determined  by  the  Brunauer-Emmet-Teller 
method  (BET,  Shimadzu,  Flow  Sorb  II  2300).  The  carbon  content  of 
LiCoP04/C  nanocomposites  after  annealing  was  confirmed  using  an 
element  analyzer  (Yanaco,  CHN  corder  MT-6).  The  thermal  decom¬ 
position  behavior  of  the  as-prepared  samples  was  determined 
by  a  Rigaku  Thermo  Plus  thermogravimetry  (TG)-differential 
thermal  analysis  (DTA)  8120  apparatus  at  the  following  con¬ 
ditions:  heating  rate;  10°Cmin-1,  atmosphere;  dry  He,  flow 
rate;  150  ml  min-1. 

2.4.  Electrochemical  measurements 

The  electrochemical  performance  of  LiCoP04/C  nanocompos¬ 
ites  was  investigated  using  coin-type  cells  (CR2032).  The  cell  is 
composed  of  a  lithium  metal  negative  electrode  and  a  LiCoP04/C 
composite  positive  electrode  that  were  separated  by  a  micro- 
porous  polypropylene  film.  1  mol  dm-3  solution  of  LiPF6  in  a 
mixed  solvent  of  ethylene  carbonate  (EC)  and  dimethyl  carbon¬ 
ate  (DMC)  with  1:1  in  volume  ratio  (Tomiyama  Pure  Chemical 
Co.,  Ltd.)  was  used  as  the  electrolyte.  The  cathode  is  comprised 


of  70wt.%  LiCoP04,  10wt.%  polyvinylidene  fluoride  (PVdF)  as  a 
binder  and  20wt.%  acetylene  black,  which  includes  the  acety¬ 
lene  black  in  the  LiCoP04/C  nanocomposites.  These  materials 
were  dispersed  in  l-methyl-2-pyrrolidinone  (NMP).  The  resul¬ 
tant  slurry  was  spread  uniformly  onto  an  aluminum  foil  using 
the  doctor  blade  technique  and  then  dried  in  a  vacuum  oven 
for  4h  at  110°C.  The  cathode  was  punched  into  circular  discs 
and  then  scraped  in  order  to  standardize  the  area  of  cath¬ 
ode  (1cm2).  The  cell  was  assembled  inside  a  glove  box  filled 
with  high-purity  argon  gas  (99.9995%  purity).  The  cells  were 
tested  galvanostatically  between  2.5  and  5.1  V  versus  Li+/Li  on 
multi-channel  battery  testers  (Hokuto  Denko,  HJ1010mSM8A) 
at  various  charge/discharge  rates  ranging  from  0.05  to  20  C 
( 1  C  =  1 67  mAh  g-1 ).  Current  densities  and  specific  capacities  were 
calculated  on  the  basis  of  the  weight  of  LiCoP04  in  the  cath¬ 
ode. 

Cyclic  voltammetry  was  performed  using  a  Solartron  1255B 
frequency  response  analyzer  connected  to  a  Solartron  SI  1287  elec¬ 
trochemical  interface.  The  voltage  ranged  between  2.5  and  5.1  V  at 
a  scanning  rate  of  0.05  mV  s-1.  All  electrochemical  measurements 
were  performed  at  room  temperature. 

3.  Results  and  discussion 

3.2.  Material  characterization 

Fig.  1  shows  the  XRD  patterns  of  LiCoP04/C  composites.  For  the 
purpose  of  comparison,  those  of  as-prepared  sample  by  SP  were 
also  shown  in  the  figure.  At  a  low  SP  temperature  of  300  °C,  the 
amorphous  sample  with  some  unidentified  impurity  phases  could 
be  obtained.  This  fact  indicates  that  the  thermal  decomposition 
of  precursor  compounds  is  not  completed  and  crystallization  does 
not  occur  in  SP  process.  It  could  be  also  confirmed  by  the  thermal 
decomposition  analysis  of  the  as-prepared  sample,  which  showed 
approximately  22%  of  weight  loss  after  heating  up  to  600  °C  (the 
weight  loss  mainly  occurred  at  around  500  °C).  On  the  contrary,  the 
LiCoP04/C  composite  sample  is  the  single  phase  of  olivine  struc¬ 
ture  indexed  by  orthorhombic  Pmna  (JCPDS  00-000-1809).  The 
lattice  parameters  of  LiCoP04/C  composites  (a  =  1 0.2062,  b  =  5.9224, 
c  =  4.7003)  obtained  from  Rietveld  refinement  are  in  good  agree¬ 
ment  with  the  reported  data  [18,24,30,32-34]. 

The  observation  of  particle  morphology  was  done  by  FE-SEM. 
Fig.  2  presents  the  SEM  image  and  particle  size  distribution  of 
LiCoP04/C  composites,  respectively.  The  particle  size  distribu¬ 
tion  measurement  as  well  as  the  calculations  of  the  geometric 
mean  diameter  dgiP  and  the  geometric  standard  deviation  <rg  were 
described  elsewhere  [38].  The  LiCoP04/C  composites  have  much 
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Fig.  2.  SEM  image  and  particle  size  distribution  of  LiCoP04/C  nanocomposites. 


small  primary  particle  size  with  the  geometric  mean  diameter 
dgiP  =  87nm  and  narrow  particle  size  distribution  (<rg  =  1.22).  As 
a  result,  the  specific  surface  area  of  LiCoP04/C  composites  was 
41  m2  g-1 .  The  smaller  primary  particle  size  could  reduce  the  diffu¬ 
sion  pathway  of  lithium  ion  within  the  bulk  material,  thus  enhance 
the  ionic  diffusivity  of  the  cathode.  Moreover,  from  TEM  obser¬ 
vation  of  LiCoP04/C  composites,  the  carbon  and  LiCoP04  phases 
could  be  clearly  observed  in  Fig.  3a  and  could  be  identified  by  EDS 
analysis,  as  shown  in  Fig.  3b.  Therefore,  it  can  be  concluded  that 
the  LiCoP04/C  nanocomposites  can  be  successfully  prepared  by  the 
present  method. 

3.2.  Electrochemical  performance 

Fig.  4  shows  the  cyclic  voltammogram  of  2nd  cycle  for  the 
cell  containing  LiCoP04/C  nanocomposites  as  active  cathode  mate¬ 
rials.  The  profile  shows  two  oxidation  peaks  at  about  4.8  and 
4.9  V  versus  Li+/Li,  while  only  one  reduction  peak  is  observed 
at  about  4.7  V.  Similar  cyclic  voltammograms  were  reported  by 
other  researchers,  apparently  indicating  a  two-step  mechanism 
of  lithium  deintercalation  [6,7,12,21,22].  However,  the  reason  of 
this  phenomenon  remained  unclear.  The  only  conclusion  has  been 
made  so  far  that  the  two-step  character  of  lithium  extraction  from 
LiCoP04  is  an  intrinsic  property  of  this  compound  and  could  not  be 
ascribed  to  the  irreversible  side  reactions  [21  ].  In  fact,  Wolfenstine 
et  al.  [39]  suggested  that  the  electrochemical  oxidation  behavior 
of  LiCoP04  is  different  from  those  of  LiFeP04  and  LiMnP04.  The 
peak  intensity  of  LiCoP04/C  nanocomposites  is  higher  than  that  of 
LiCoP04. 

Fig.  5  presents  the  first  discharge  profile  of  the  cells  con¬ 
taining  LiCoP04/C  nanocomposites  as  active  cathode  materials  at 


0.1  C.  For  the  purpose  of  comparison,  the  first  discharge  profile 
of  the  cells  containing  LiCoP04  is  also  shown  in  the  figure.  The 
LiCoP04/C  nanocomposite  cathode  exhibited  a  wide  and  flat  volt¬ 
age  plateau  at  around  4.75  V  versus  Li+/Li.  As  expected  from  Fig.  4, 
the  LiCoP04/C  nanocomposite  cathode  delivered  larger  discharge 
capacity  (141  mAhg-1)  in  comparison  with  the  one  of  LiCoP04 
(94  mAhg-1 ). 

The  coulomb  efficiencies  versus  cycle  number  for  LiCoP04/C 
nanocomposites  at  0.1  and  1  C  rate  are  shown  in  Fig.  6.  The  cells 
exhibited  low  coulomb  efficiencies  of  55  and  63%  in  correspon¬ 
dence  to  0.1  and  1  C  at  first  cycle,  respectively.  These  might  indicate 
that  a  large  capacity  loss  occurred  in  the  first  charge-discharge 
process.  The  large  irreversible  capacity  loss  might  be  due  to  the 
side  reactions  between  electrolyte  and  electrode,  which  forms  the 
solid-electrolyte  interface  (SEI)  on  the  electrode.  It  might  lead  to 
electrolyte  oxidation  and  lithium  loss.  However,  after  4  cycles,  the 
coulomb  efficiencies  increase  up  to  80%  at  0.1  C  and  88%  at  1  C, 
and  become  stable.  After  several  cycles,  the  SEI  becomes  stable, 
which  may  partly  eliminate  the  side  reactions.  The  coulomb  effi¬ 
ciencies  at  1  C  are  higher  than  those  at  0.1  C  in  each  cycle.  This 
reason  can  be  explained  by  the  result  of  Smith  et  al.  [40]  which  the 
charge-discharge  time  is  the  dominant  contributor  to  the  coulomb 
inefficiency  of  Li-ion  batteries  cycled  at  low  charge-discharge  rates. 
Good  coulomb  efficiencies  of  88%  at  0.1  C  and  95%  at  1  C  could  be 
seen  after  40  cycles. 

The  rate  capabilities  of  the  cells  containing  LiCoP04  and 
LiCoP04/C  nanocomposites  are  presented  in  Fig.  7.  The  cells  con¬ 
taining  LiCoP04  exhibited  first  discharge  capacities  of  99,  94,  78, 
53  and  11  mAhg-1  at  0.05,  0.1,  1,  5  and  20  C,  respectively,  while 
the  cells  containing  LiCoP04/C  nanocomposites  delivered  first  dis¬ 
charge  capacities  of  142,  141,  137,  128  and  109 mAhg-1  at  0.05. 
0.1, 1,  5  and  20  C,  respectively. 

Fig.  8  shows  the  first,  second  and  fifth  charge-discharge  pro¬ 
files  of  the  cells  containing  LiCoP04/C  nanocomposites  at  various 
charge-discharge  rates  of  0.1  C,  1  C  and  20  C.  The  polarization  loss 
is  small  at  0.1  and  1.0  C  rate,  while  the  irreversible  capacities  are 
very  large,  as  predicted  from  Fig.  6.  However,  the  polarization 
loss  becomes  larger  and  the  discharge  capacity  gradually  decrease 
with  increasing  of  C-rates  up  to  20  C  due  to  the  slow  diffusion 
of  Li  ions.  Furthermore,  the  irreversible  capacity  loss  in  the  first 
charge-discharge  process  becomes  smaller  in  increasing  of  C-rate 
up  to  20  C. 

Fig.  9  shows  the  cycleability  of  the  cells  containing  LiCoP04/C 
nanocomposites  at  0.1  C.  The  discharge  capacity  of  the  LiCoP04/C 
nanocomposites  gradually  decreased  with  cycle  number.  The 
capacity  retentions  were  87%  after  40  cycles.  Even  though  this 
cycleability  is  much  better  compared  with  reported  data  (Table  1 ), 
the  cycleability  is  poor  in  comparison  with  LiMnP04/C  nanocom¬ 
posites  [37].  The  capacity  retention  is  dependent  on  the  structure 
stability  with  lithium  intercalation  and  deintercalation  [27]  and 
electrolyte  stability  [12].  Since  LiCoP04  has  quite  small  struc- 


Table  1 

Comparison  of  electrochemical  performance  of  LiCoP04/C  nanocomposites  of  this 
study  and  previous  reported  data  at  room  temperature. 


Samples 

C  rate 

Cutoff  voltages 
[V] 

First  discharge 

capacity 

[mAhg-1] 

Discharge  capacity 
retention  [%] 

(25  cycles) 

This  study 

0.1  C 

2.5-5. 1 

141 

90 

This  study 

20  C 

2.5-5. 1 

109 

- 

Ref.  [2] 

0.1  C 

3.0-5.3 

70 

- 

Ref.  [7] 

0.17  C 

3. 5-5.1 

100 

27 

Ref.  [10] 

0.1  C 

3.0-5. 1 

144 

55 

Ref.  [10] 

20  C 

3.0-5. 1 

71 

- 

Ref.  [24] 

0.05  C 

3. 5-5.2 

108 

- 

Ref.  [27] 

0.1  C 

3.0-5.0 

95 

32 
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Energy  [keV]  Energy  |keV] 

Fig.  3.  (a)  TEM  images  of  the  UC0PO4/C  nanocomposites  and  (b)  EDS  spectrum  of  the  UC0PO4/C  nanocomposites. 


ture  volume  change  of  about  2%  [6]  which  may  lead  to  a 
more  stable  structure  for  lithium  insertion/extraction  in  compar¬ 
ison  with  LiFeP04  or  LiMnP04,  the  reason  for  capacity  fading 
here  may  be  mainly  come  from  the  electrolyte  decomposition 
in  high  operation  voltage.  This  fact  has  been  also  reported  by 
Amine  et  al.  [2]. 

Table  1  gives  the  comparison  of  LiCoP04/C  nanocomposites  pre¬ 
pared  in  this  study  with  previous  works,  which  clearly  indicates 
that  the  LiCoP04/C  nanocomposite  is  one  of  the  best  LiCoP04  cath¬ 


ode  active  materials  ever  reported.  The  excellent  rate  capability 
reported  hereby  could  be  explained  based  on  the  nanosize  pathway 
of  lithium  ion,  good  contact  between  carbon  and  LiCoP04  phases 
in  the  composites  as  well  as  uniform  chemical  distribution  ensured 
by  means  of  SP.  Moreover,  the  electronic  conductivity  of  LiCoP04/C 
nanocomposites  is  almost  similar  to  that  of  LiFeP04/C  nanocompos¬ 
ites,  which  has  been  reported  as  the  cathode  material  with  excellent 
rate  capability  [14].  Furthermore,  well  distribution  of  carbon  in  the 
nanocomposites  could  also  contribute  to  better  rate  capability. 
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Fig.  4.  Cyclic  voltammograms  of  2nd  cycle  for  the  cells  containing  LiCoP04/C 
nanocomposites. 


Fig.  5.  First  discharge  profiles  of  the  cells  containing  LiCoP04/C  nanocomposite 
cathode  at  0.1  C. 


Fig.  6.  Coulomb  efficiency  versus  cycle  number  for  LiCoP04/C  nanocomposites  cath¬ 
ode  at  0.1  and  1  C. 


Fig.  7.  Rate  capabilities  of  the  cells  containing  LiCoP04/C  nanocomposite  cathode. 


Fig.  8.  Charge/discharge  profiles  of  the  cells  containing  LiCoP04/C  nanocomposite  cathode  at  0.1  C,  1  C  and  20  C. 
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Fig.  9.  Cycle  performance  of  the  cells  containing  UC0PO4/C  nanocomposite  cathode. 

4.  Conclusions 

UC0PO4/C  nanocomposites  could  be  successfully  prepared  by  a 
combination  of  SP  and  WBM  followed  by  heat  treatment  in  a  N2  +  3% 
H2  atmosphere.  The  XRD  patterns  of  UC0PO4/C  nanocomposites 
could  be  identified  as  single  phase  of  olivine  structure  indexed  by 
orthorhombic  Pmna.  The  calculated  lattice  parameters  were  well 
agreed  with  the  reported  data.  It  could  also  be  observed  from 
SEM  and  TEM  images  that  the  final  samples  were  the  LiCoP04/C 
nanocomposites  comprise  of  primary  particles  about  lOOnm  in 
size.  The  LiCoP04/C  nanocomposites  were  used  as  cathode  mate¬ 
rials  for  lithium  batteries,  and  electrochemical  performance  was 
investigated  using  the  Li|  1  M  LiPF6  in  EC:DMC  =  1  |LiCoP04/C  cells  at 
room  temperature.  In  the  cutoff  voltage  range  from  2.5  to  5.1  V,  the 
cells  exhibited  initial  discharge  capacities  of  142, 141, 137, 128  and 
1 09  mAh  g-1  at  0.05,  0.1 , 1 ,  5  and  20  C,  respectively.  This  is  among 
the  highest  rate  performances  have  ever  been  reported,  with  signif¬ 
icant  improvement  of  cycleability.  However,  the  discharge  capacity 
still  decreased  with  cycle  number.  Discharge  capacity  retention  was 
87%  after  40  cycles  at  0.1  C.  It  can  be  concluded  that  the  material 
may  have  good  potential  for  practical  application  if  a  more  stable 
electrolyte  at  high  voltage  is  developed. 
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